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(57) ABSTRACT

A composite armor panel and a method for making the armor
is disclosed. In one embodiment the armor consists of a
plurality of ceramic tiles (21) individually edge-wrapped
with fiber or edge-wrap fabric (52), which are further
wrapped with a face-wrap fabric (53A,53B), and encapsu-
lated in a hyperelastic polymer material (31) permeating the
fabric and fibers, with a front plate (42) and back plate (41)
adhered to the encapsulated tiles. In one embodiment the
hyperelastic polymer is formed from a MDI-polyester or
polyether prepolymer, at lease one long-chain polyester
polyol comprising ethylene/butylene adipate diol, at least one
short-chain diol comprising 1,4-butanediol, and a tin-based
catalyst.
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COMPOSITE ARMOR AND METHOD FOR
MAKING COMPOSITE ARMOR

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application hereby claims the benefit of
the provisional patent application of the same title, Ser. No.
61/299,678, filed on Jan. 29, 2010, the disclosure of which is
hereby incorporated by reference in its entirety.

BACKGROUND

[0002] Composite armor containing ceramics and high
strength fibers have been useful to provide protection against
ballistic projectiles. Typical existing armor for vehicles use
rigid plates of steel. However they have the disadvantage of
being very heavy. Ceramic containing armor systems have
demonstrated great promise as reduced weight armors. These
armor systems function efficiently by shattering the hard core
of a projectile during impact on the ceramic material. The
lower velocity bullet and ceramic fragments produce an
impact, over a large “footprint”, on a backing plate which
supports the ceramic plates. The large footprint enables the
backing plate to absorb the incident kinetic energy without
being breached.

[0003] Most studies of ceramic armors have only investi-
gated single-hit conditions. Interest in ceramic armors that
can protect against multiple hits over small areas of the armor
has been growing.

[0004] The challenge to developing multi-hit ceramic
armor is to control the damage created in the ceramic plates
and the backing plate by the impact. The ability to defeat
subsequent hits that are proximate to previous hits can be
degraded by (1) damage to the ceramic or backing around a
prior hit and/or (2) loss of backing support of tile through
backing deformation. Early in the impact event, this damage
can be created by stress wave propagation from the impact
site. Later in the event, the entire armor panel becomes
involved with a dynamic excitation from the threat impulse,
vibrating locally at first and later the entire panel moving in a
fashion similar to adrumhead. This later response of the panel
to the threat impulse can cause further damage to the armor
system, often remote from the impact site. The later time
excitation of the panel is dependent on the support or attach-
ment conditions of the panel. Hence, the development of
multi-hit ceramic armors requires consideration of the panel
size and the support condition of the panel.

[0005] The lateral displacement of ceramic debris during
the fracturing of an impacted tile can also damage the adja-
cent tiles, reducing their capability to defeat a subsequent
projectile impact. An impact may induce bending waves in
the backing material. These bending waves can cause (1)
permanent plastic deformation of the backing plate which
degrades the support of adjacent tiles, (2) bending fracture of
adjacent ceramic tiles, or (3) eject the ceramic tiles from the
backing plate.

[0006] Encapsulation of the ceramic tiles in a polymer
allows multiple ceramic tiles to be laid out in a matrix to make
a larger panel. The panels may be laid out as in U.S. Pat. No.
6,532,857 or an imbricated layout as in U.S. Pat. No. 6,510,
777. Furthermore viscoelastic polymers attenuate stress
waves created by the impact. Unlike metals or ceramics,
elastomers can undergo time dependent, recoverable defor-
mations without mechanical failure. They can be stretched 5
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to 10 times their original length and, after removal of the
stress, retract rapidly to near their original dimensions with no
induced damage. By using elastomer-encapsulation around
the ceramic tiles, the ceramic damage zone can usually be
limited to the impacted tile. Impacts near to the edge of a tile
may produce some damage in the immediately adjacent tile.
Inthe tile array, lateral self-confinement in the impacted tile is
created by the surrounding tiles. This self-confinement
enhances the resistance to penetration by increasing the “fric-
tion” between the projectile and the fragmented rubbles.
[0007] Woven cloth made from high strength fibers such as
polyamide plastic or aluminosilicate glass fibers, has been
used to wrap the ceramic tiles as show in U.S. Pat. No.
4,911,061 and U.S. Pat. No. 5,006,293. The wrapped cloth
spaces the tiles from each other to prevent shock generated by
an impacting projectile from propagating from one tile to the
next.

[0008] Despitethese advances in composite ceramic armor,
a significant need exists to reduce cost and weight of com-
posite ceramic armor systems while maintaining single-hit
performance and improving multi-hit performance. Weight
and cost reduction is accomplished through design optimiza-
tion of cost-effective materials. For improving multi-hit per-
formance, one needs to reduce damage of neighboring tiles.
This is done by reducing stress wave propagation; lateral and
through-the-thickness displacement of ceramic fragments
and rubble in front of the impacting projectile; and de-lami-
nation and deflection of the backing plate.

BRIEF SUMMARY

[0009] The above-noted and other deficiencies may be
overcome by providing a composite armor comprising, one or
more ceramic tiles having tile faces and tile edges, a layer of
a permeable medium substantially covering the ceramic tile
faces and a hyperelastic polymer permeating the permeable
medium, bonded to the tile faces and substantially encapsu-
lating the tiles; wherein the hyperelastic polymer adheres the
one or more ceramic tiles to a back plate on one side of the
tiles, and a front plate on the opposite side of the one or more
ceramic tiles.

[0010] Another aspectis the method of making a composite
armor comprising, wrapping one or more ceramic tiles indi-
vidually in a permeable medium, encapsulating the tiles and
permeable medium in a hyperelastic polymer which perme-
ates the permeable medium, and adhering the ceramic tiles to
a back plate on one side of the tiles, and a front plate on the
opposite side of the one or more ceramic tiles.

[0011] These and other objects and advantages shall be
made apparent from the accompanying drawings and the
description thereof.

BRIEF DESCRIPTION OF THE FIGURES

[0012] The accompanying drawings, which are incorpo-
rated in and constitute a part of this specification, illustrate
embodiments, and together with the general description given
above, and the detailed description of the embodiments given
below, serve to explain the principles of the present disclo-
sure.

[0013] FIG. 1 is a perspective view of a ceramic tile (21)
edge wrapped with a permeable medium (52).

[0014] FIG. 2is atop view of the ceramic tiles (21) in a3x3
array.



US 2012/0291621 Al

[0015] FIG.3Aisaperspective view of ceramic tiles (21) in
a 3x3 array edge wrapped with a permeable medium (52),
before being face wrapped by a permeable medium (53 A and
53B) where the second face wrap will be wrapped perpen-
dicular to the first wrap.

[0016] FIG.3Bisaperspective view of ceramic tiles (21) in
a 3x3 array edge wrapped with a permeable medium (52),
being face wrapped by a permeable medium (53B) where the
second face wrap (53A) will be perpendicular to the first
wrap.

[0017] FIG.3Cis aperspective view of ceramic tiles (21) in
a3x3 array edge wrapped with a permeable medium (52) and
face wrapped by a permeable medium (53B), being face
wrapped by a second permeable medium (53A) perpendicu-
lar to the first wrap.

[0018] FIG. 4 is a sectional view of a composite armor
panel (11) showing the ceramic tile (21), back plate (41), back
plate reinforcing permeable medium (54), face-wrap perme-
able medium (53), edge-wrap permeable medium (52),
hyperelastic polymer (31), and strike face (61).

[0019] FIG. 5 is a sectional view of a composite armor
panel with a front plate.

DETAILED DESCRIPTION

[0020] During the manufacture of composite armor panels
it was surprisingly found that when the panels were made
larger than a certain size they would bow or bend. This prob-
lem could be solved by using a front plate in addition to a back
plate.

[0021] A hypothesis as to the cause of the problem is that
the coefficients of thermal expansion of the ceramic, hyper-
elastic polymer, and back plate are all different. In the manu-
facturing of a composite armor, the composite armor is
heated, cured, and then cooled. During heating, the compo-
nents of the armor expand and the hyperelastic polymer cures
the components in place at full expansion. During cooling, the
different components in the composite armor will cool at
different rates and contract different distances resisted by the
cured polymer. Larger composite armor will typically have
greater internal stresses that can cause the composite armor to
bow. Using a front plate helps to balance the mismatched
coefficients of thermal expansion allowing the composite
armor to be flat. Keeping the armor flat has the added benefit
of reducing the tensile bending stresses in individual tiles;
tensile bending stresses can degrade the effectiveness of the
tiles in a ballistic event. Further, the mismatch of the coeffi-
cients of thermal expansion produces compressive stresses,
which provide additional confinement of the tiles and may
improve their ballistic performance.

[0022] The strike face (61) of the composite armor com-
prises one or more ceramic tiles (21) individually wrapped
with a permeable medium, and a hyperelastic polymer (31)
permeating the permeable medium encapsulating the ceramic
tiles (21).

[0023] When more than one ceramic tile (21) is used they
may be arranged in different layouts. In one embodiment the
ceramic tiles (21) may be layered, stacked, overlaped, imbri-
cated, or arrayed along a common surface. The shape of the
ceramic tile (21) may be polygonal such as square or rectan-
gular or another shape and arrayed in a rectangular or other
configuration. The ceramic tile (21) may be hexagonal or
another shape and arrayed in a hexagonal, or other configu-
ration. The ceramic tiles (21) may be spaced apart from neigh-
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boring ceramic tiles (21) or substantially in contact with the
neighboring ceramic tiles (21).

[0024] The ceramic tiles (21) may be made from aluminum
oxide, silicon carbide, aluminum nitride, and boron carbide,
barium titanate, strotium titanate, calcium zirconate, magne-
sium zirconate, titanium diboride, silicon nitride, tungsten
carbide, and metal-ceramic composites. These potential
ceramic bases are not limited to oxide ceramics but also
include mixed oxides, non-oxides, silicates, and ceramet (a
metal-ceramic composite which contains at least one metal
phase and at least one ceramic phase). Suitable ceramic com-
posites have relatively high hardness and fracture toughness.
Ultimately, hardness and fracture toughness levels will
depend on the type of ceramic composite employed.

[0025] In certain instances, the ceramics employed may be
supplemented by the addition of a toughening agent such as
toughened metallic oxides. The inclusion of metallic oxides
increases the strength of the resulting ceramic composite and
the ability to resist disassociation of the disk upon impact
during a ballistic event. Other possible ceramic composites
may be suitable for the ceramic tiles (21), including fiber
reinforced ceramics.

[0026] The ceramics are mixed in ways commonly known
in the art. Casting or molding methods, including injection
molding, to form the ceramic tiles (21) are well known in the
art. In one embodiment, the ceramic tiles (21) may be formed
by injection molding and then pressing to the desired shape
and sintered.

[0027] The permeable medium is a porous material that
allows infiltration of the liquid polymer resin. It may provide
spacing of less than about 2 mm between the ceramic tiles
(21) to allow the hyperelastic polymer (31) to form a good
bond to the ceramic tiles (21). The permeable medium
between the ceramic tiles (21) may improve impact damage
response by reducing wave propagation, and isolating the
ceramic tiles (21). By isolating the ceramic tiles (21) the
hyperelastic polymer (31) and the permeable medium can
prevent ceramic tiles (21) adjacent to a ballistic impact from
being damaged by fragments of the ceramic tile (21)
impacted. Filling of the spaces with polymer resin provides
added damping and isolation between tiles to further reduce
shock propagation.

[0028] An examples of a permeable medium is an organic
polymer fiber such as: aramid, carbon, polyamide, polyben-
zamidazole, liquid crystal, polyester, main chain aromatic
polyester, main chain aromatic polyesteramide, polyolefin,
ultra-high molecular weight polyolefin, poly(p-phenylene-2,
6-benzobisoxazole), and poly(pyridobisimidazole). The fiber
may be a liquid crystal polyester-polyarylate. Examples of
fibers include those sold under the names such as VECT-
RAN™_ TECHNORA™, NOMEX™, DYNEEMA™, and
MS5™, An alternative to an organic polymer permeable
medium is an inorganic one. Examples of inorganic fibers that
can be used as the permeable medium are: aluminum, mag-
nesium, basalt, boron, glass, ceramic, quartz, silicon carbide,
and steel. Other suitable fibers will occur to one of ordinary
skill in the art. The permeable medium fibers may be used
individually or woven to form a fabric.

[0029] The permeable medium may be wrapped around
each ceramic tile (21) individually or around all the ceramic
tiles (21). It can also be applied in any manner such as, for
example, by spraying or dipping that results in a layer per-
meable to the infiltration of the liquid polymer resin. A
method for wrapping the ceramic tiles (21) may comprise
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wrapping the thin edge, or perimeter, of the ceramic tile (21),
called edge-wrapping. The permeable medium may be
bonded to the ceramic tile (21). In one embodiment the per-
meable medium is used to wrap a ceramic tile (21) in a spiral
fashion. The ceramic tile (21) may be wrapped by multiple
fibers or fabrics of permeable medium in parallel, spiral,
woven, or crossing fashion. The permeable medium may be
wrapped around the perimeter where the head and tail of the
permeable medium meet, and may or may not be joined. The
ceramic tiles (21) may be wrapped with more than one type of
permeable medium.

[0030] In one embodiment, the permeable medium is
wrapped around the ceramic tiles (21) covering the face of the
ceramic tiles (21). For example, a rectangular piece the per-
meable medium (53A) is wrapped around one ceramic tile
(21), or an array of ceramic tiles (21). The permeable medium
is bonded together with epoxy. A second rectangular piece of
the permeable medium (53B) is then wrapped around the
ceramic tile (21) or ceramic tiles (21) perpendicularly to the
first fabric. The second fabric is then bonded together with
epoxy. In another embodiment, multiple pieces of permeable
medium fabric may be used to wrap the ceramic tiles (21),
which may additionally be woven together as they are
wrapped over the ceramic tiles (21). Other methods may be
suitable for wrapping the ceramic tiles (21), including meth-
ods found in U.S. Pat. No. 4,911,061.

[0031] The ceramic tiles (21) may be wrapped with the
permeable medium in both an edge wrap (52) and face wrap
(53A and 53B) fashion. More than one type of permeable
medium may be used for either or both of the edge wrap and
face wrap.

[0032] Elastomers belong to a specific class of polymeric
materials where their uniqueness is their ability to deform to
at least twice their original length under load and then to
return to near their original configuration upon removal of the
load. Elastomers are isotropic, nearly incompressible mate-
rials which behave as linear elastic solids under low strains
and low strain rates. As these materials are subjected to larger
strains under quasistatic loading, they behave in a non-liner
manner. This unique mechanical behavior is called hyperelas-
ticity. Hyperelastic materials have the ability to do work by
absorbing kinetic energy transferred from impact through an
elastic deformation with little viscous damping, heat dissipa-
tion (from friction forces) or permanent deformation (i.e.,
permanent set). This mechanical energy can then be returned
nearly 100% allowing the components to return to their origi-
nal configuration prior to impact with negligible strain.
[0033] An added complexity to elastomers is their strain
rate and strain history dependence under dynamic loading,
which is called viscoelasticity. The viscoelastic nature of
elastomers causes problems resulting in hysteresis, relax-
ation, creep and permanent set. Permanent set is when elas-
tomers undergo a permanent deformation where the material
does not return to zero strain at zero stress. This deformation
however, tends to stabilize upon repeated straining to the
same fixed strain. To further add to the complexity of the
mechanical behavior of elastomers is the visco-hyperelastic
response at high strain under dynamic loading, which is dif-
ficult to characterize and test. Often stress-strain data from
several modes of simple deformation (i.e., tension, compres-
sion and shear) are required as input to material models,
which predict their performance.

[0034] Traditionally, the viscous component of rubbers
dominates under dynamic loading; whereby the strain rate
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dependence is accounted for by visco-hyperelastic models,
where the static response is represented by a hyperelastic
model (based on elastic strain energy potential) in parallel
with a Maxwell model which takes into account strain rate
and strain history dependent viscoelasticity.

[0035] Thehyperelastic polymer (31) used herein is a novel
energy absorbing material that behaves in a rate-independent
hyperelastic manner. The hyperelastic polymer (31) behaves
in a manner such that its permanent set is minimized so that it
maintains consistent force-displacement characteristics over
a wide range of impact velocities while remaining fully
recoverable.

[0036] The hyperelastic polymer (31) behaves in a hyper-
elastic manner under dynamic loadings of high strain rates of
up to about 10* s~ The hyperelastic polymer (31) allows for
direct impacts and also allows for the instantaneous recovery
such that its permanent set is minimized. The hyperelastic
polymer (31) has non-linear elastic responses in energy
absorbing applications.

[0037] Inoneembodiment the hyperelastic polymer (31)is
a polyurethane. The polyurethane may be formed from a
mixture of an MDI-polyester or polyether prepolymer, at
lease one long-chain polyester or polyether polyol, at least
one short-chain diol, and a catalyst. Suitable polyester poly-
ols can include, without limitation, polyglycol adipates, such
as ethylene/butylene adipate, or polycaprolactones. Suitable
polyether polyols can include, without limitation, polypropy-
lene glycols, polyethylene glycols, polytetramethylene ether
glycols, or combinations thereof. In one embodiment at least
one long-chain polyester polyol comprises ethylene/butylene
adipate diol. In another embodiment, at least one short-chain
diol comprises 1,4-butanediol. In one embodiment the cata-
lyst is a tin-based catalyst.

[0038] The MDI-prepolymer is typical an isocyanate-ter-
minated product prepared by reaction of a molar excess of
isocyanate groups (for example, present as a difunctional
methylene diphenyl diisocyanate (MDI)) with a difunctional
OH-terminated polyester or polyether polyol. Suitable poly-
ester polyols can include, without limitation, polyglycol adi-
pates, such as ethylene/butylene adipate, or polycaprolac-
tones. Suitable polyether polyols can include, without
limitation, polypropylene glycols, polyethylene glycols,
polytetramethylene ether glycols, or combinations thereof. In
one embodiment the difuntional OH-terminated polyester
used is a poly(ethylene-butylene) adipate ester, and the MDI-
prepolymer has an average molecular weight of450-500 with
a distribution of molecular length species including free
(completely unreacted) MDI monomer. An example of such a
MDI-prepolymer is BAYTEC GSV ISO.

[0039] Inone embodiment the hyperelastic polymer (31)is
formed from a mixture of an MDI-polyester or polyether
prepolymer having a free isocyanate content of about 5-25%,
atleast one long-chain polyester or polyether polyol compris-
ing ethylene/butylene adipate diol with an OH# of about
25-115, at least one short-chain diol that accounts for about
10-20% by weight of the total hydroxyl-containing compo-
nents of the mixture, and at least one catalyst comprised of a
tertiary amine catalyst and a tin-based catalyst in a ratio of
about 1:1 to 10:1, wherein the total catalyst loading is about
0.020-0.030% by weight, the reactive components are com-
bined in a proportion that provides about 1-10% excess of
isocyanate groups in the total mixture.

[0040] Inoneembodiment, the strike face (61)is formed by
molding and a total catalyst loading used is such that the mold
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is filled entirely before the material begins gelling. This level
of reactivity allows ample pour time and minimizes de-mold
time during manufacture. In certain embodiments, the chemi-
cal reactivity can be adjusted by changing the amount of
catalyst in the system. For the purposes of this application the
term resin is used to mean the materials used to form the
polymer after they have been mixed but before they have
gelled.

[0041] Inone embodiment the MDI-polyester or polyether
prepolymer has a free isocyanate content of approximately
19%.

[0042] Inoneembodiment the short-chain diol accounts for
approximately 18% by weight of the total hydroxyl-contain-
ing components. An example of the short-chain diol is 1,4-
butanediol.

[0043] In one embodiment the long-chain polyester or
polyether polyol used to form the MDI-prepolymer or the
hyperelastic polymer (31) has an OH# of 35 to 80. In one
embodiment the long-chain polyester or polyether polyol has
an OH# of 56. Example of the long-chain polyester polyol is
one having a molecular weight of approximately 2000, and
BAYTEC GSV polyol.

[0044] In one embodiment the tin-based catalyst is a
delayed-action heat-activated type with a deblocking tem-
perature near the exotherm temperature of the reaction mix-
ture. Such a catalyst allows the desired combination of maxi-
mum work time and short demold times. In one embodiment
atleast one catalyst comprised of a tertiary amine catalystand
a tin-based catalyst in a ratio of about 4:1

[0045] In one embodiment the reactive components are
combined in a proportion that provides about 5% excess of
isocyanate groups in the total mixture

[0046] In one embodiment the hyperelastic polymer (31)
comprises at least one energy absorbing material that has at
least the properties of: a Shore A hardness value of at least
about 90, elongation at break above about 400% and more
preferably ranging from about 500 to about 700%, and
Young’s modulus ranging from about 4000 to about 6000 psi;
and at least withstands: strain rates of up to at least about 10*
s~'; and tensile stresses ranging from at least about 4000 to at
least about 7000 psi.

[0047] The hyperelastic polymer (31) aids in energy man-
agement by reducing energy reflection and lateral displace-
ment of fragments and containing the ceramic fragments. It
also allows load transfer and wave propagation through the
thickness of the armor panel, spreading over the back plate
(41). The polymer’s dynamic mechanical properties allow the
back plate (41) to deform but not delaminate.

[0048] The ceramic tiles (21) may be attached to a back
plate (41) to form a composite armor panel (11) in three
different ways. In one embodiment the ceramic tiles (21) are
adhered to a back plate (41) with the hyperelastic polymer
(31). In another embodiment the strike face (61) and the back
plate (41) are encapsulated together in the hyperelastic poly-
mer (31) to form a composite armor panel (11). In another
embodiment the strike face (61) may be attached directly to a
structure, where the structure acts as a back plate (41). For
example, the strike face (61) may be used to provide ballistic
protection to a vehicle, and is directly attached to the vehicle,
s0 a part of the vehicle acts as the back plate (41).

[0049] The back plate (41) may be comprised of a metal,
metal alloy, or composite material. Examples of materials
that may be used for a back plate (41) are aluminum metal,
aluminum alloy, and magnesium alloy. The back plate (41)
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may be made of a foam, honeycomb, or corrugated construc-
tion. In one embodiment the back plate (41) behaves in a
ductile manner at strain rates up to about 10* s™*. The back
plate (41) may also be reinforced with the permeable medium
previously described. The permeable medium may be located
between the back plate (41) and the ceramic tiles (21), on the
side of the back plate (41) opposite the ceramic tiles (21), it
may wrap the ceramic tiles (21) and the back plate (41), it may
wrap the back plate (41) entirely, or it may reinforce the back
plate (41) in other ways. Multiple layers of fabric may be used
to reinforce the back plate (41). The back plate (41) may be
made from multiple layers of metal, metal alloy, or composite
material. The permeable medium, hyperelastic polymer (31),
or both may be between multiple layers of a back plate (41).
The back plate may be from about 4" (approx 3 mm) to about
1" (approx 25 mm) thick. It may be 14", 14" 34", 14", 34" thick,
but could be virtually any increment of material thickness.
[0050] Inone embodiment the thickness of the hyperelastic
polymer (31) between the back plate (41) and the ceramic
tiles (21) is less than 2 mm in thickness. The adhesive bond of
the hyperelastic polymer (31) plays a role in the ballistic
properties of the armor panel. The hyperelastic polymer (31)
transmits and reflects the impact energy. A compressive stress
wave is created on ballistic impact and propagates through the
armor plate. Upon reaching the rear face of the ceramic tile
(21), itis partially reflected as a tensile stress wave facilitating
movement of the fractured material. The additional reflection
of stress waves from the rear of the backing plate is tensile in
nature and is responsible for delamination of the back plate
(41) from the ceramic. It has been found that increasing the
adhesive layer thickness reduces the magnitude of the inter-
laminar tensile stress. The peak tensile stress has also been
found to decrease with adhesive thickness irrespective of
impact velocity.

[0051] The front plate (42) may be comprised of a metal,
metal alloy, or composite material. Examples of materials
that may be used for a front plate (42) are aluminum metal,
aluminum alloy, and magnesium alloy. The front plate (42)
may be made of a foam, honeycomb, or corrugated construc-
tion. In one embodiment the front plate (42) behaves in a
ductile manner at strain rates up to about 10* s=*. The front
plate (42) may also be reinforced with the permeable medium
previously described. The permeable medium may be located
between the front plate (42) and the ceramic tiles (21), on the
face of the front plate (42) opposite the ceramic tiles (21), it
may wrap the ceramic tiles (21) and the front plate (42), it may
wrap the front plate (42) entirely, or it may reinforce the front
plate (42) in other ways. Multiple layers of fabric may be used
to reinforce the front plate (42). The front plate (42) may be
made from multiple layers of metal, metal alloy, or composite
material. The permeable medium, hyperelastic polymer (31),
or both may be between multiple layers of a front plate (42).
The width of the front plate need not be the same width of the
back plate, it may be wider or narrower. The front plate may
be made from a different material than the back plate. The
front plate may be from about /4" to about 1" thick. It may be
a", V4", 34", 15", 54" thick, but could be virtually any incre-
ment of material thickness. The front plate minimum thick-
ness would be defined by the minimum yield strength
required to keep the panels from bowing. The maximum
thickness would typically be less than or equal to the back
plate thickness.

[0052] The strike face (61) may be manufactured by cov-
ering the ceramic tiles (21) with the permeable medium, then
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alternately placing the covered ceramic tiles (21) into a mold
and pouring the hyperelastic polymer resin into the mold.
Another method of manufacturing involves covering the
ceramic tiles (21) with the permeable medium, then filling a
mold with the covered ceramic tiles (21) and injecting the
polymer resin through reaction injection molding (RIM).
Either of these techniques may additionally include the back
plate (41). Persons knowledgeable in the art may conceive of
other methods of manufacturing the strike face (61) or the
composite armor.

[0053] The permeable medium, the ceramic tiles (21), and
the back plate (41) may all be chosen such that their different
coefficients of thermal expansion allow compression stress to
additionally strengthen the strike face (61) or composite
armor. Using such materials may allow the hyperelastic poly-
mer (31) to contract during cooling to a greater extent than the
ceramic tiles (21) thereby creating the internal compressive
stress in the ceramic tiles (21).

EXAMPLES
Example 1
Manufacturing Composite Armor Panel

[0054] Process for cleaning ceramic tiles (21):

1) The ceramic tiles (21) were cleaned along all six surfaces
via a mechanical blasting process using Aluminum Oxide
media across the entirety of the surfaces.

2) The ceramic tiles (21) were further cleaned in a solvent to
remove residual dust, oils, and other contaminants not
removed completely by the blasting process.

[0055] Process for edge wrapping ceramic tiles (21):

1) The ceramic tiles (21) were loaded onto a winding mandrel
and the liquid crystal polyester-polyarylate fiber was
wrapped around the 8 mm-thickness edge of the ceramic tiles
21).

2) The liquid crystal polyester-polyarylate fiber was wound in
the following manner: Three rows of three liquid crystal
polyester-polyarylate HT1500/300/T150 yarn, epoxied at
corners (61.26% Epon Resin 828, 26.24% Epodil 757 and
12.50% Epi-Cure 3200), gapped (three tows per edge) single
edge wrapped.

3) The epoxy was allowed to cure for 24 hours at 23° C.
Elevated temperatures can be used to accelerate this cure
time, or faster curing epoxy systems can be used. Other adhe-
sive systems would also work well such as cyanoacrylate
adhesives, ultraviolet light curable adhesives, and urethane
adhesives.

[0056] Process for manufacturing the 3x3/0/90 degree
wrap kit:

1) One swatch of 12"x26" to 27" liquid crystal polyester-
polyarylate T9-988 fabric was placed centrally over a pre-
manufactured jig of approximately 1234" sq. dimension. The
jig was a thin, sheet metal pan with the edges bent up to form
a short Y4"-34" high lip around (3) sides. The bends were
placed so as to make approximately 123%4" internal square
with one side left open to allow evacuation of the assembly.
2) Edge wrapped 100 mmx100 mmx8 mm ceramic tiles (21)
were placed into a tight 3x3 array onto the liquid crystal
polyester-polyarylate fabric laid up in the jig.

3) A release paper ~241/3" wide was placed over the full
length of the ceramic tiles (21) in the direction of the fabric
fold

4) The excess liquid crystal polyester-polyarylate fabric was
tightly folded over the ceramic tiles (21) and the release paper
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from each side of the assembly. The liquid crystal polyester-
polyarylate fabric was sparingly epoxied in several small
spots along the ~1" wide resulting overlap using the above
mentioned epoxy.

5) The epoxy was cured long enough for handling and then
the release paper was removed.

6) The second 12"x26" to 27" swatch of liquid crystal poly-
ester-polyarylate T9-988 fabric was centrally placed over a
second pre-manufactured jig as described above.

7) The previous partially cured 3x3 tile/liquid crystal polyes-
ter-polyarylate (single ply) wrap array was slid onto the sec-
ond liquid crystal polyester-polyarylate fabric/jig rotated 90
degrees from the first liquid crystal polyester-polyarylate fab-
ric. Steps 3-5 were repeated for the second 90 degree ply wrap
8) The epoxy was allowed to cure for 24 hours at 23° C.
Elevated temperatures can be used to accelerate this cure
time, or faster curing epoxy systems can be used. Other adhe-
sive systems would also work well such as cyanoacrylate
adhesives, ultraviolet light curable adhesives, and urethane
adhesives.

[0057] Composition of the hyperelastic polymer (31):

1) The hyperelastic polymer (31) was prepared using an MDI-
polyester prepolymer having a free isocyanate content of
approximately 19%. A separate long chain polyester polyol
component based on ethylene/butylene adipate was utilized.
The polyol had an OH# of approximately 56. The short-chain
diol utilized was 1, 4-butanediol and accounted for approxi-
mately 18% by weight of the total hydroxyl-containing com-
ponents of the mixture.

2) Reactive components were combined in a proportion that
provided approximately 5% excess of isocyanate groups in
the total mixture. A catalyst package was utilized which
facilitated the chemical reaction of the components and
allowed demold of the parts within a reasonable time frame.
The catalyst system contained a blend of a tertiary amine
catalyst and a tin-based catalyst. A 4:1 weight ratio of the
amine component to the tin component provided desirable
processing characteristics. A total catalyst loading of 0.026%
by weight was used to provide a gel time of approximately
2.25-2.50 minutes.

[0058] Process for manufacturing composite armor panel
11):

1) A three component liquid casting machine equipped with a
precision gear pump to accurately meter components and a
dynamic mix head to obtain adequate mix quality and heating
capability was used. The prepolymer, long chain polyol and
short-chain diol reactive components were charged into hold-
ing tanks heated to approximately 43° C. Approximate
amounts of the catalyst components were added to the tank
containing the short chain diol and mixed thoroughly. All
components were then degassed.

2) A mold of dimensions roughly 16" square by 1" deep
having a depression centrally of approximately
1214"%x1214"x¥4" deep and a rigid mold lid of roughly 1234"
square with means of providing a clamping force between the
lid and the mold for compression of the composite armor
panel (11) was required.

3) The mold and the aluminum back plate (41) (single part or
multi-part composite) were heated to an approximate range of
88° C.t0 100° C. prior to dispensing the hyperelastic polymer
resin into the mold cavity.

4) Approximately 1 to 1.5 Ibs. of cast urethane was dispensed
from the casting machine into the 122" square mold cavity
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covering the entire mold bottom surface with approximately
14" to ¥16" deep of the cast urethane material.

5) The previously described 3x3/0/90 degree liquid crystal
polyester-polyarylate kit was carefully slid into the mold
cavity by means of a formed sheet metal tray similar to the
above mentioned jig used for making the kits.

6) A scraper was employed to press and push the kit down into
the polymer resin. This allows the liquid urethane underneath
to work its way up and through the liquid crystal polyester-
polyarylate weave and also through the narrow edge gaps
formed by ceramic tiles (21) that are placed adjacent to each
other in the kit, and thoroughly wet all the liquid crystal
polyester-polyarylate weave.

7) Urethane material was smoothed out and worked down
into the composite until approximately Yi6¢" of urethane mate-
rial was evenly distributed over and above the top surface of
the liquid crystal polyester-polyarylate fabric when all com-
ponents were completely saturated.

8) The aluminum back plate (41) was placed into the mold
cavity, and a scraper was employed to gently push the plate
down into the urethane to evacuate any large air pockets that
may have been trapped.

9) A small amount of additional urethane was dispensed from
the casting machine and cast onto the top of aluminum back
plate (41) to cover the plate in approximately %1¢" of urethane
material.

10) A liquid crystal polyester-polyarylate back plate reinforc-
ing panel (1234" sq.) was laid into the mold on top of the
smoothed out urethane. Carefully, the cast urethane material
was worked up through the weave by using a flat scraper.
11) The lid was placed on the assembly and clamped down to
evacuate all of the excess urethane material. The clamping
force was sufficient to force the extra urethane in and between
all layers of the composite armor panel (11), and up and out of
the mold. A gap space of approximately 1/16" around the
perimeter between the mold lid edge and the mold cavity edge
was used for the evacuation of these materials.

12) The mold temperature was maintained at about 93° C.
during and after the process to ensure proper pre-cure of the
material prior to demolding the part. The part was demolded
after approximately 20-30 minutes and subsequently post-
cured at temperatures between about 93° C. to 121° C. for
approximately 12 to 36 hours to ensure completion of the
chemical reaction and attainment of material properties.

Example 2
Comparison Armor Panel

[0059] A composite armor panel was made according to
procedure in Example 1, except the hyperelastic polymer (31)
was substituted with a non-hyperelastic polymer shown
below.

[0060] A polymer resin was formed from an MDI-termi-
nated prepolymer with a polypropylene glycol backbone
(Baytec MP-210), 1,4-butanediol (a short-chain curative), an
ethylene-glycol capped polypropylene glycol triol with a
molecular weight of approximately 6000 (Mutranol 3901),
and a catalyst system containing a 4:1 blend of a tertiary
amine catalyst and a tin-based catalyst. The ingredients were
degassed, mixed at room temperature, and poured into a hot
mold to make a composite armor panel. The panel was
allowed to cure in the mold at a temperature of about 93° C.
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to 110° C. for a minimum of 30 minutes before being removed
from the mold and post-cured.

Example 3
Ballistic Test

[0061] Testing of Example 1 and 2 armor panels was per-
formed to N1J Level IV standards with a 7.62 mm AP M2 at
~2,850 fps. After the test the panels were examined and it was
found that the back plate delaminated from the strike face of
the Example 2 armor panel, while the back plate did not
delaminate from the strike face of the Example 1 armor panel.

Example 4
Composite Armor with a Front Plate (42)

[0062] A composite armor panel was made according to
procedure in Example 1, except a front plate (42) is placed in
the mold so as to bond to the 0/90 degree wraps on to opposite
side of the back plate. Testing of these armor panels was
performed to NIJ Level IV standards with a 7.62 mm AP M2
at >3,000 fps.

Example 5

Comparing Large Composite Armor with and with-
out a Front Plate

[0063] A composite armor panel approximately 24" by 24"
was made according to procedure in Example 1. This plate
was found to have a concave bow in the rear plate of approxi-
mately ¥4 inch at the center. A similar composite armor panel
approximately 24" by 24" was made according to procedure
as in Example 4. This panel was found to have no measurable
bow to the rear plate.

[0064] Ballistic tests were conducted using an explosively
formed penetrator (EFP) threat and two layers of composite
armor produced according to Example 1. These panels failed
to stop the threat. Ballistic tests were conducted using an EFP
threat and two layers of composite armor produced according
to Example 4. These panels were successful in stopping the
threat.

[0065] While the present disclosure has illustrated by
description several embodiments and while the illustrative
embodiments have been described in considerable detail, it is
not the intention of the applicant to restrict or in any way limit
the scope of the appended claims to such detail. Additional
advantages and modifications may readily appear to those
skilled in the art.

What is claimed is:

1. A composite armor panel comprising, one or more
ceramic tiles having tile faces and tile edges, a layer of a
permeable medium substantially covering the ceramic tile
faces and a hyperelastic polymer permeating the permeable
medium, bonded to the tile faces and substantially encapsu-
lating the tiles;

wherein the hyperelastic polymer adheres the one or more

ceramic tiles to a back plate on one side of the tiles, and
a front plate on the opposite side of the one or more
ceramic tiles.

2. The composite armor panel of claim 1, wherein more
than one ceramic tiles are arrayed along a common surface.

3. The composite armor panel of claim 1, wherein the
ceramic tiles are arrayed in a polygonal configuration.
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4. The composite armor panel of claim 1, wherein the shape
of the ceramic tiles is rectangular or hexagonal.
5. The composite armor panel of claim 1, wherein the
ceramic tile edges are substantially covered by a layer of a
permeable medium.
6. The composite armor panel of claim 1, wherein the
ceramic tiles are selected from aluminum oxide, silicon car-
bide, aluminum nitride, and boron carbide, barium titanate,
strotium titanate, calcium zirconate, magnesium zirconate,
titanium diboride, silicon nitride, tungsten carbide, and
metal-ceramic composites.
7. The composite armor panel of claim 1, wherein the
permeable medium is an organic polymer.
8. The composite armor panel of claim 7, wherein the
permeable medium is selected from aramid, carbon, polya-
mide, polybenzamidazole, liquid crystal, polyester, main
chain aromatic polyester, main chain aromatic polyesteram-
ide, polyolefin, ultra-high molecular weight polyolefin, poly
(p-phenylene-2,6-benzobisoxazole), and poly(pyridobisimi-
dazole).
9. The composite armor panel of claim 7, wherein the
permeable medium is a liquid crystal polyester-polyarylate.
10. The composite armor panel of claim 1, wherein the
permeable medium is inorganic.
11. The composite armor panel of claim 10, wherein the
permeable medium is selected from alumina, aluminum,
magnesium, titanium, basalt, boron, glass, ceramic, quartz,
silicon carbide, and steel.
12. The composite armor panel of claim 1, wherein the
hyperelastic polymer is a polyurethane.
13. The composite armor panel of claim 12, wherein the
hyperelastic polymer is formed from a mixture of an MDI-
polyester or polyether prepolymer, at lease one long-chain
polyester or polyether polyol, at least one short-chain diol,
and a catalyst.
14. The composite armor panel of claim 12, wherein the
hyperelastic polymer is formed from a mixture of an MDI-
polyester or polyether prepolymer, at lease one long-chain
polyester polyol comprising ethylene/butylene adipate diol,
at least one short-chain diol comprising 1,4-butanediol, and a
catalyst.
15. The composite armor panel of claim 13, wherein the
hyperelastic polymer is formed from a mixture of an MDI-
polyester or polyether prepolymer having a free isocyanate
content of about 5-25%,
at least one long-chain polyester polyol comprising ethyl-
ene/butylene adipate diol with an OH# of about 25-115,

at least one short-chain diol comprising 1,4-butanediol that
accounts for about 10-20% by weight of the total
hydroxyl-containing components of the mixture, and

at least one catalyst comprised of a tertiary amine catalyst
and a tin-based catalyst in a ratio of about 1:1 to 10:1,
wherein the total catalyst loading is about 0.02-0.03%
by weight,

the reactive components are combined in a proportion that

provides about 5% excess of isocyanate groups in the
total mixture.

16. The composite armor panel of claim 13, wherein the
hyperelastic polymer is formed from a mixture of an MDI-
polyester or polyether prepolymer having a free isocyanate
content of about 19%,

at least one long-chain polyester polyol comprising ethyl-

ene/butylene adipate diol with an OH# of about 56,
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at least one short-chain diol comprising 1,4-butanediol that
accounts for about 18% by weight of the total hydroxyl-
containing components of the mixture, and
at least one catalyst comprised of a tertiary amine catalyst
and a tin-based catalyst in a ratio of about 4:1, wherein
the total catalyst loading is about 0.026% by weight,

the reactive components are combined in a proportion that
provides about 5% excess of isocyanate groups in the
total mixture.

17. The composite armor panel of claim 14, wherein the
hyperelastic polymer behaves in a hyperelastic manner at
strain rates up to about 10*s~*.

18. The composite armor panel of claim 1, wherein the
hyperelastic polymer comprises at least one energy absorbing
material that has an elongation at break ranging greater than
about 400%.

19. The composite armor panel of claim 1, wherein the
hyperelastic polymer comprises at least one energy absorbing
material that has at least the properties of: a Shore A hardness
value of at least about 90, elongation at break ranging from
about 500 to about 700%, and Young’s modulus ranging from
about 4000 to about 6000 psi; and at least withstands: strain
rates of up to at least about 10* s7*, and tensile stresses
ranging from at least about 4000 to at least about 7000 psi.

20. The composite armor panel of claim 1, wherein the
hyperelastic polymer comprises an energy absorbing material
that behaves in a rate-independent hyperelastic manner
wherein its permanent set is minimized so that the energy
absorbing material maintains consistent force-displacement
characteristics over a wide range of impact velocities while
remaining fully recoverable.

21. The composite armor panel of claim 1, wherein the
front plate comprises a metal or metal alloy.

22. The composite armor panel of claim 1, wherein the
front plate is aluminum.

23. The composite armor panel of claim 1, wherein the
back plate comprises a metal or metal alloy.

24. The composite armor panel of claim 1, wherein the
back plate is aluminum.

25. The composite armor panel of claim 1, wherein the
back plate behaves in a ductile manner at strain rates up to
about 10*s7".

26. The composite armor panel of claim 1, wherein the
back plate is reinforced with permeable medium.

27. The composite armor panel of claim 1, wherein the
thickness of the hyperelastic polymer between the back plate
and the ceramic tiles is less than 2 mm in thickness.

28. The composite armor panel of claim 1, wherein the
hyperelastic polymer comprises an energy absorbing material
that behaves in a rate-independent hyperelastic manner
wherein its permanent set is minimized so that the energy
absorbing material maintains consistent force-displacement
characteristics over a wide range of impact velocities while
remaining fully recoverable.

29. A method of making a composite armor panel compris-
ing, substantially covering one or more ceramic tiles with a
layer of a permeable medium, and substantially encapsulat-
ing the tiles and permeable medium in a hyperelastic polymer
which permeates the permeable medium and bonds to the
ceramic tiles; wherein the hyperelastic polymer adheres the
one or more ceramic tiles to a back plate on one side of the
tiles, and a front plate on the opposite side of the one or more
ceramic tiles.
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30. The method of making a composite armor panel of
claim 29, wherein the hyperelastic polymer is a polyurethane

31. The method of making a composite armor panel of
claim 29, wherein the hyperelastic polymer is formed from a
mixture of an MDI-polyester or polyether prepolymer, at
lease one long-chain polyester or polyether polyol, at least
one short-chain diol, and a catalyst.

32. A method of making a composite armor panel compris-

ing:

(A) providing an array of ceramic tiles having substantially
parallel tile faces,

(B) substantially covering the faces of the ceramic tiles
with a layer of a permeable medium,

(C) applying a back plate to one side of the ceramic tile
faces in contact with at least a portion of the permeable
medium,

(C) infiltrating the permeable medium with a liquid poly-
mer so as to substantially encapsulate the ceramic tile
and the back plate,

(D) applying a front plate to the ceramic tiles on the side
opposite the back plate,
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(E) curing the liquid polymer into a hyperelastic, energy-
absorbing material and bonding it to the ceramic tiles
and the backing plate,

wherein the liquid polymer and the curing are chosen such
that the hyperelastic, energy-absorbing material behaves
in a rate-independent hyperelastic manner wherein its
permanent set is minimized and so that the energy-ab-
sorbing material maintains consistent force-displace-
ment characteristics over a wide range of impact veloci-
ties while remaining fully recoverable.

33. A method for specifying the materials for the front and
back faces that comprises selection criteria for balancing the
strains on the internal components when the panels are made
according to claim 32 so that the panels remain flat.

34. A method for manufacture of the panels that comprise
procedures for controlling the process parameters in claim 32
so that the resultant armor panel has internal compressive
stresses that enhance its ballistic performance.
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